[1] We present an approach to infer ground-level nitrogen dioxide (NO 2 ) concentrations by applying local scaling factors from a global three-dimensional model (GEOS-Chem) to tropospheric NO 2 columns retrieved from the Ozone Monitoring Instrument (OMI) onboard the Aura satellite. Seasonal mean OMI surface NO 2 derived from the standard tropospheric NO 2 data product (Version 1.0.5, Collection 3) varies by more than two orders of magnitude (<0.1->10 ppbv) over North America. Two ground-based data sets are used to validate the surface NO 2 estimate and indirectly validate the OMI tropospheric NO 2 retrieval: photochemical steady-state (PSS) calculations of NO 2 based on in situ NO and O 3 measurements, and measurements from a commercial chemiluminescent NO 2 analyzer equipped with a molybdenum converter. An interference correction algorithm for the latter is developed using laboratory and field measurements and applied using modeled concentrations of the interfering species. The OMI-derived surface NO 2 mixing ratios are compared with an in situ surface NO 2 data obtained from the U.S. Environmental Protection Agency's Air Quality System (AQS) and Environment Canada's National Air Pollution Surveillance (NAPS) network for 2005 after correcting for the interference in the in situ data. The overall agreement of the OMI-derived surface NO 2 with the corrected in situ measurements and PSS-NO 2 is À11-36%. A larger difference in winter/spring than in summer/fall implies a seasonal bias in the OMI NO 2 retrieval. The correlation between the OMI-derived surface NO 2 and the ground-based measurements is significant (correlation coefficient up to 0.86) with a tendency for higher correlations in polluted areas. The satellite-derived data base of ground level NO 2 concentrations could be valuable for assessing exposures of humans and vegetation to NO 2 , supplementing the capabilities of the ground-based networks, and evaluating air quality models and the effectiveness of air quality control strategies.
Introduction
[2] Nitrogen dioxide (NO 2 ) plays a central role in tropospheric chemistry [Logan, 1983; Finlayson-Pitts and Pitts, 1986] and is toxic to biota. Major sources of nitrogen oxides (NO x = NO + NO 2 ) are combustion, soils, and lightning. Several epidemiological studies have shown consistent associations of long-term NO 2 exposure with decreased lung function and increased risk of respiratory symptoms [Ackermann-Liebrich et al., 1997; Schindler et al., 1998; Panella et al., 2000; Smith et al., 2000; Gauderman et al., 2000 Gauderman et al., , 2002 . Strong associations exist between NO 2 and nonaccidental mortality in daily time series studies [Steib et al., 2003; Burnett et al., 2004; Samoli et al., 2006] . NO 2 concentrations are also highly correlated with other pollutants either emitted by the same sources or formed through complex reactions in the atmosphere [e.g., Brook et al., 2007] . Complete spatial coverage of ground-level NO 2 measurements are needed for exposure assessment.
[3] Stations in the current NO 2 monitoring network are sparse and unevenly spaced. Large regions of the United States and Canada lack NO 2 measurements. Epidemiologic studies of health risks of NO 2 are impaired by insufficient observations in clean versus polluted areas. The instrument most commonly used for routine measurements of NO 2 is a chemiluminescence analyzer equipped with a molybdenum converter, a measurement technique which exhibits significant interference from other reactive oxidized nitrogencontaining species (NO z ) such as peroxyacetyl nitrate (PAN) and HNO 3 [Winer et al., 1974; U.S. Environmental Protection Agency, 1975; Grosjean and Harrison, 1985; Fehsenfeld et al., 1987; Demerjian, 2000; Dunlea et al., 2007; Steinbacher et al., 2007] . Surface concentrations of NO 2 inferred from satellite remote sensing would complement existing ground-based networks by extending spatial coverage and by being specific to NO 2 .
[4] Satellite observation of tropospheric NO 2 columns began in 1995 with the Global Ozone Monitoring Experiment (GOME-1) , and is continued with the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) [Bovensmann et al., 1999] , Ozone Monitoring Instrument (OMI) [Levelt et al., 2006b [Levelt et al., , 2006a , and GOME-2 [Callies et al., 2000] . Retrievals of tropospheric NO 2 columns from GOME and SCIAMACHY have been used to demonstrate the close relationship between land surface NO x emissions and tropospheric NO 2 columns [Leue et al., 2001; Martin et al., 2003a Martin et al., , 2006 Jaeglé et al., 2005; Zhang et al., 2007] . Observations of a weekly pattern in GOME tropospheric NO 2 columns with significant reductions on weekends [Beirle et al., 2003] , diurnal variation in NO 2 columns driven by emissions and photochemistry [Boersma et al., 2008a] , and a large increase in tropospheric NO 2 columns over eastern China inferred from GOME and SCIAMACHY [Richter et al., 2005; van der A et al., 2006] demonstrate the capability of observing air pollution from space. Petritoli et al. [2004] and Ordóñez et al. [2006] found a significant correlation between in situ NO 2 measurements and GOME tropospheric NO 2 columns. Airborne measurements in the southeastern United States reveal that NO 2 in the boundary layer can make a dominant contribution to the NO 2 tropospheric column over polluted regions [Martin et al., 2004a; Bucsela et al., 2008] . Each of these studies clearly suggests that the satellite tropospheric NO 2 column retrievals are closely related to ground-level NO 2 concentrations.
[5] Validation of satellite observations of tropospheric NO 2 columns is needed in a range of environments over all seasons. Recent comparisons of tropospheric NO 2 columns from the OMI standard product (Version 1.0.0) with observations reveal a low bias of 14% versus an ensemble of aircraft measurements , of 25% versus Brewer measurements at NASA Goddard [Wenig et al., 2008] , and of 15-30% versus a suite of ground-based remote sensing and aircraft measurements . All three manuscripts describe concerns with their data sets that motivate additional validation activities. A few hundred ground-based in situ NO 2 monitoring stations take regular measurements across North America. Comparison of OMI-derived surface NO 2 concentrations with these ground-based measurements would provide indirect validation of OMI NO 2 columns.
[6] This paper presents an approach to estimate groundlevel NO 2 concentrations from tropospheric NO 2 columns retrieved from OMI. The method involves the use of model profiles from a global 3-D model (GEOS-Chem). The method extends that of Liu et al. [2004] and van Donkelaar et al. [2006] who estimated ground-level fine particulate matter (PM 2.5 ) concentrations from satellite retrievals of aerosol optical depth. In section 2, we provide a brief account of the OMI tropospheric NO 2 column retrieval and the GEOS-Chem model. In situ surface NO 2 measurements are described in section 3 where we present two case studies to illustrate the interference of in situ NO 2 data measured by the commercial chemiluminescent NO 2 analyzer equipped with a molybdenum converter, and develop a method to correct for interference in the chemiluminescent NO 2 measurements. Here we also assess NO 2 concentrations estimated from simultaneous measurements of NO and O 3 using a photochemical steady-state (PSS) calculation. Section 4 presents our approach to derive ground-level NO 2 concentrations from OMI which are compared with the corrected in situ data and the PSS-NO 2 in section 5.
Observation and Model

OMI Tropospheric NO 2 Columns
[7] The Dutch-Finnish OMI instrument onboard the Earth Observing System (EOS) Aura satellite launched on July 15, 2004 offers greatly enhanced spatial (up to 13 Â 24 km 2 ) and temporal (daily global coverage) resolution as compared to its predecessors. The Aura satellite [Schoeberl et al., 2006] passes over the equator in a sun-synchronous ascending polar orbit at 13:45 local time and over North America around 13:00 local time. We use the OMI standard product (Version 1.0.5, Collection 3) available from the NASA Goddard Earth Sciences (GES) Data Active Archive Center (http://disc.sci.gsfc.nasa.gov/data/datapool/OMI/). We focus on the year 2005 when in situ NO 2 measurements are available for the United States and Canada. The nearreal-time OMI NO 2 product [Boersma et al., 2008b] was not available for 2005. Detailed descriptions of the algorithm for the standard OMI NO 2 data product are given in Boersma et al. [2002] , Bucsela et al. [2006] , . In brief, the standard algorithm uses the Differential Optical Absorption Spectroscopy (DOAS) technique [Platt, 1994] to determine the slant column densities by nonlinear least squares fitting in the 415 -465 nm window. The slant column represents the integrated abundance of NO 2 along the average photon path through the atmosphere. This is followed by the determination of initial vertical column densities by dividing the slant column densities by an unpolluted air mass factor calculated using a single mean unpolluted NO 2 profile. To compute air mass factors in polluted regions, the algorithm uses a geographically gridded set of annual mean polluted profiles obtained from a GEOS-Chem simulation [Martin et al., 2003b] . A background NO 2 field is determined by applying masks over regions where tropospheric NO 2 column abundances are high, smoothing the remaining regions, and conducting a zonal planetary wave analysis up to wave-2. The tropo-spheric NO 2 column for a given OMI ground pixel is determined from information on the initial vertical column density, the background NO 2 field outside the masked areas, and the air mass factors, estimated according to the viewing parameters. Parameters include viewing geometry, NO 2 profile shape, and the pressure and reflectivity of clouds and terrain. The cloud information is obtained from the OMI cloud O 2 -O 2 algorithm [Acarreta et al., 2004] .
[8] Significant error sources in the retrieval of the tropospheric NO 2 column are associated with the slant column densities, the air mass factor, and with the separation of the stratosphere and troposphere. The air mass factor errors arise primarily from uncertainties in cloud interference, surface albedo, aerosols, and profile shape [Martin et al., 2002 [Martin et al., , 2003a Boersma et al., 2002 Boersma et al., , 2004 . The overall error in the OMI vertical column density for clear and unpolluted conditions is estimated to be 5%, but reaches up to 50% in the presence of pollution and clouds [Boersma et al., 2002] . The stripes affecting the slant columns in the swath direction in Version 1.0.0 have been greatly reduced in Version 1.0.5 due to an improved dark current correction in the Collection 3 Level 1B processing [Dobber et al., 2008] .
[9] The horizontal resolution of OMI decreases toward the edges of the swath by a factor greater than 10. To reduce spatial averaging, we exclude the ground pixels at swath edges that correspond to a pixel size of more than 50 Â 24 km 2 . We include only cloud-free scenes with a cloud radiance fraction threshold of 0.3. We calculate area-weighted averages of OMI tropospheric NO 2 columns and bin them onto a 0.1°Â 0.1°grid.
Simulation of NO 2 From GEOS-Chem
[10] The estimation of ground-level NO 2 concentrations from OMI tropospheric NO 2 column observations requires information on the tropospheric NO 2 profile. For this purpose we use the GEOS-Chem global three-dimensional model of tropospheric chemistry [Bey et al., 2001] at 2°Â 2.5°, version 7-03-06 (www.as.harvard.edu/chemistry/trop/geos). Such a model is also useful to correct for NO z interference of NO 2 measured with molybdenum converters.
[11] The GEOS-Chem simulation is driven by assimilated meteorological data from the Goddard Earth Observing System (GEOS-4) at the NASA Global Modeling and Assimilation Office (GMAO). Data for profiles at 55 levels in the vertical extending from the surface to 0.01 hPa of atmospheric variables have 6-hour temporal resolution. Data for surface variables and mixing depths are given every three hours. About 16 levels are in the troposphere, including 5 levels below 2 km.
[12] The model includes a detailed simulation of tropospheric ozone-NO x -hydrocarbon chemistry as well as of aerosols and their precursors [Bey et al., 2001; Park et al., 2004] . The aerosol and gaseous simulations are coupled through the formation of sulfate and nitrate, the HNO 3 /NO 3 À partitioning of total inorganic nitrate, and heterogeneous aerosol chemistry including uptake of N 2 O 5 by aerosols [Evans and Jacob, 2005] [Duncan et al., 2003] . Soil NO x emissions are computed using a modified version of the algorithm of Yienger and Levy [1995] with the canopy reduction factors described by Wang et al. [1998] . The midlatitude lightning NO x source is 1.6 Tg N yr À1 following Martin et al. [2006] and Hudman et al. [2007] .
[13] Several previous studies have used GEOS-Chem to interpret in situ measurements of reactive nitrogen Wang et al., 2004; Hudman et al., 2004 Hudman et al., , 2007 Martin et al., 2006] as well as observations of tropospheric NO 2 columns from satellite instruments [Martin et al., 2003a [Martin et al., , 2004b Jaeglé et al., 2005; Guerova et al., 2006; Sauvage et al., 2007; Wang et al., 2007b Wang et al., , 2007a Boersma et al., 2008a Boersma et al., , 2008b Bucsela et al., 2008] . GEOS-Chem simulations generally agree to within 30% of measured NO x , HNO 3 , and PAN over eastern North America Hudman et al., 2007; Singh et al., 2007] [15] Figure 1 shows seasonal mean tropospheric NO 2 columns from OMI and GEOS-Chem. The high-resolution data in Figure 1 (first row) reveal relatively high values in many urban areas such as Los Angeles, San Francisco, Phoenix, Denver, Houston, Dallas, Chicago, Toronto, and the northeast U.S. corridor. Figure 1 (second and third rows) show OMI and GEOS-Chem NO 2 columns mapped onto the same grid at 2°Â 2.5°resolution. Both show large-scale pollution over eastern North America. Both exhibit a similar seasonal pattern with a summer minimum that reflects the shorter NO x lifetime. Monthly mean modeled and observed tropospheric NO 2 columns over the United States and southern Canada (25°N to 55°N, 70°W to 115°W) are well correlated spatially and temporally (r = 0.83, N = 4896). Figure 1 (fourth row) shows the seasonal difference between the modeled and retrieved tropospheric column. A clear seasonal bias exists over eastern North America. The winter mean OMI tropospheric column over the United States and southern Canada is 32% lower than the corresponding value from GEOS-Chem. The seasonal mean OMI tropospheric columns are higher than the GEOS-Chem values by 29% in spring, 45% in summer, and 20% in fall. We use groundbased in situ measurements to examine these seasonal biases.
Ground-Level In Situ Measurements
[16] Hourly in situ measurements of NO 2 , NO, and O 3 are obtained from the U.S. Environmental Protection Agency's Air Quality System (AQS) and Environment Canada's National Air Pollution Surveillance (NAPS) network [Demerjian, 2000] . First we discuss the measurements of NO 2 by commercial analyzers. Then we examine two approaches to infer ground-level NO 2 concentrations: by correcting for interference in the NO 2 measurements made with the molybdenum converter, and by calculating NO 2 from NO and O 3 measurements, assuming a photochemical steady state.
Interference in NO 2 Measurements-Case Studies
[17] A detailed description of the measurement technique of these commercial analyzers has been given in Fontjin et al. [1970] and U.S. Environmental Protection Agency [1975] . In brief, these instruments operate alternately in NO and NO x modes providing the measurements of NO and NO x , respectively. In NO mode, the reaction of NO with ozone produces a characteristic luminescence with an intensity proportional to the concentration of NO. In NO x mode, NO 2 and other NO z compounds are transformed into NO over a molybdenum converter heated to approximately 400°C and NO x (NO + converted NO) is measured by chemiluminescence. The NO 2 concentration is derived by subtracting the measurement obtained in the NO mode from that obtained in the NO x mode. Because the reduction of NO 2 to NO is not specific to NO 2 and NO z species are also reduced to NO, these chemiluminescence analyzers overestimate ambient NO 2 concentration by a variable amount [Winer et al., 1974; U.S. Environmental Protection Agency, 1975; Grosjean and Harrison, 1985; Demerjian, 2000; McClenny et al., 2002; Gerboles et al., 2003; Dunlea et al., 2007; Steinbacher et al., 2007] .
Comparison With DOAS Measurements
[18] Here we examine the bias in the NO 2 measurement network. We compare measurements of NO 2 from the standard chemiluminescence analyzer equipped with a molybdenum converter with those from a collocated Differential Optical Absorption Spectroscopy (DOAS) instrument. These measurements are available from the Mexico City Metropolitan Area (MCMA) field campaign [de Foy et al., 2005; Molina et al., 2007] held in April/May of 2003. The chemiluminescence analyzer was calibrated as described by Dunlea et al. [2007] . The detection limit of the research grade DOAS instrument is 4 ppbv.
[19] Figure 2 shows the time series of measurements by the two instruments at La Merced in the downtown area of Mexico City. The two measurements are in good agreement before 10 AM and after 6 PM (r = 0.93, N = 276). A significant difference is observed during afternoon hours. The main cause for the observed discrepancy is the interference in the chemiluminescence measurements [Dunlea et al., 2007] , although some difficulties remain when comparing a point measurement with a long path measurement (DOAS) due to spatial incoherence, which is expected to be more of an issue overnight [Dunlea et al., 2006; San Martini et al., 2006] . The main interfering constituents are the oxidation products of NO x such as HNO 3 , PAN, and other organic nitrates [Winer et al., 1974; U.S. Environmental Protection Agency, 1975; Fehsenfeld et al., 1987; Demerjian, 2000; Dunlea et al., 2007; Steinbacher et al., 2007] .
[20] During the OMI overpass time, when the interference increases as a result of conversion of ambient NO 2 into other nitrogen compounds, the DOAS measurements are 51% lower than that from the chemiluminescence monitor. We caution, however, that the interference evaluated in this example may not be representative of other chemiluminescent analyzers that are used by AQS/NAPS networks because of differences in instrument design and in the concentrations of interfering species. Dunlea et al. [2007] examined other reactive nitrogen species measured during the MCMA-2003 field campaign and concluded that the major species contributing to the observed interference are HNO 3 , which accounts for 60% of the bias, and the sum of all alkyl nitrates, which accounts for 10 -30% of the observed interference. They conclude that particulate phase nitrate, PAN, and similar peroxyacyl nitrate compounds do not contribute significantly to the interference at the measurement site in Mexico City.
Comparison With Photolytic Converter Measurements
[21] Simultaneous measurements of surface NO 2 using the chemiluminescence analyzers equipped with molybdenum and photolytic converters were carried out from January 1995 to August 2001 at Taenikon (47°28 0 N, 8°54 0 E, 539 m above sea level) located in the eastern part of the Swiss Plateau north of the Alps [Steinbacher et al., 2007] . The rural site Taenikon is influenced only slightly by local traffic. This measurement site is part of the Swiss Air Pollution Monitoring Network (NABEL) jointly operated by EMPA and the Swiss Federal Office for the Environment. In the analyzer equipped with a photolytic converter (CLD 770 AL, Ecophysics), NO 2 is photolytically converted to NO (PLC 760, Ecophysics). Calibration procedures are summarized by Zellweger et al. [2000] and Steinbacher et al. [2007] ; overall uncertainties for 1 h averages in NO 2 by this method are ±10%. The photolytic converter instrument has been shown to be almost interference free for NO 2 [Fehsenfeld et al., 1990] with the exception of HONO [Ryerson et al., 2000] . However, levels of HONO are typically much less than 1 ppbv even under heavily polluted conditions [Stutz et al., 2004] . NO 2 measurements with molybdenum converter were made using a CLD 700 AL (Ecophysics). The molybdenum converter temperature was at 375°C. The converter efficiency was determined once a year and was always >98%. The same standards were used as for the photolytic converter system. O 3 was continuously measured using a commercially available instrument based on UV absorption (Monitor Labs 9810). The instrument was regularly compared to a transfer standard (Thermo Environmental Instruments 49C PS) which was traced back to a NIST standard reference photometer.
[22] Our interest here is to quantify the interference in the chemiluminescence molybdenum converter at the OMI overpass time. We average both data over 12:00 h to 14:00 h local time. Two complete years (1999 and 2000) are examined for the seasonal variation of NO z contamination of the molybdenum converter measurements. Table 1 contains a summary of the comparison. NO 2 concentrations are strongly correlated (R 2 > 0.96).
[23] Figure 3 (top) shows the average NO 2 mixing ratio measured by the instruments with photolytic and molybdenum converters. Measurements from both instruments exhibit a distinct seasonal cycle with a summertime minima. NO 2 concentrations measured with the molybdenum converter are on average 63% and 79% higher in winter/spring and summer/fall, respectively than those measured with the photolytic converter. For April, the mean photolytic converter measurements are 46% lower than the measurements from the molybdenum converter instrument, suggesting that the relative magnitude of the interference at this rural site (Taenikon) is similar to that of a heavily polluted site (Mexico City). [24] The ratio of the two measurements (photolytic divided by molybdenum) is shown in Figure 3 (bottom) . The ratio shows a clear seasonal cycle with summertime minima. Schaub et al. [2006] and Ordóñez et al. [2006] termed similar ratios a ''correction factor'' and used the monthly values to correct the molybdenum converter measurements for comparison with the GOME NO 2 retrievals.
[25] Measurements of PAN at Taenikon showed a diurnal cycle with highest values in the afternoon and a seasonal cycle, consistent with the interference ratio of the two NO 2 measurements shown in Figure 3 . Therefore Steinbacher et al. [2007] consider PAN to be a major contributor (30 -50%) to the observed interference in the molybdenum converter measurements, followed by interference due to nitric acid. The case studies at the two sites with different field situations (urban Mexico City and rural Taenikon) indicate that the percentage contributions of the interfering species to the molybdenum converter measurements depend on their relative abundance.
Correction for Interference
[26] The two case studies presented in section 3.1 suggest that in order to evaluate surface NO 2 inferred from OMI with the AQS/NAPS networks it is necessary to correct for interference in the molybdenum converter measurements. The correction requires information on the concentration of various interfering species which is not available from the AQS/NAPS monitoring sites. Our main aim here is to devise a method to correct for interference in the NO 2 measurements by the molybdenum converter instruments.
[27] The percentage contributions of the interfering species at a site depend strongly on the concentration of NO z species, the distance of emission sources, and on meteorological conditions [Gerboles et al., 2003] . A further complication is that HNO 3 can deposit to and evaporate from surfaces in the inlet manifold, which is unique to each monitor [Neuman et al., 1999; D. Parrish, private communication, 2007; Dunlea et al., 2007] .
[28] Laboratory experiments have shown that the commercial chemiluminescent molybdenum converter analyzer responds nearly quantitatively to NO, ethyl nitrate, and PAN. Over a wide range of concentrations (0 to >350 ppbv), the conversion efficiencies for ethyl nitrate and PAN are $100% and 92% respectively [Winer et al., 1974] . Grosjean and Harrison [1985] found a similar conversion efficiency (!98%) for HNO 3 , PAN, n-propyl nitrate, and n-butyl nitrate. Field observations show that the contribution of other species such as particulate nitrate, gas phase olefins, and ammonia to the interference is negligible in at least one instance and is likely to be insignificant everywhere [Dunlea et al., 2007] . We take 95% (average value from the two experiments) for the conversion efficiency of PAN and 100% for the sum of all alkyl nitrates (SAN). Quantitative translation of HNO 3 inlet loss to conversion efficiency is difficult to estimate. We find that a conversion efficiency of 35% for HNO 3 best resolves the discrepancies at the OMI overpass time between the molybdenum and photolytic converter measurements. This low efficiency is supported by previous laboratory studies of the loss of HNO 3 on stainless steel inlets [Neuman et al., 1999] . Implications to the overall comparison are discussed in section 5. We use the following correction factor (CF) to estimate corrected NO 2 concentrations:
[29] As a first test, we apply the correction factors to the molybdenum converter measurements at Taenikon. We perform a simulation with the GEOS-Chem model for the years 1999 and 2000 following an 8-month spin up. The 2-hour (12:00 to 14:00 local time) average correction factors computed from equation (1) are applied to correct for interference in the molybdenum converter measurements. The blue line in Figure 3 (top) shows the corrected measurements. The corrected molybdenum converter measurements are well correlated with the photolytic converter measurements (R 2 = 0.95, N = 382). Excellent agreement (mean bias < 4%) with the photolytic converter measurements lends support to our approach. Figure 3 (bottom) shows that the GEOS-Chem based correction factors well reproduce the ratio of the photolytic and molybdenum converter measurements for most of the time period.
[30] We extend equation (1) to all sites in North America. Figure 4 shows the seasonal means of the correction factors determined with concentrations of the interfering species predicted by GEOS-Chem at the OMI overpass time. A strong seasonal pattern is evident, with the correction factors being closer to unity during winter due to the longer NO x lifetime. The correction factor tends to be closer to unity over polluted regions (e.g., California and northeastern United States) where NO x is a large fraction of total reactive nitrogen (NO y ). A larger correction in summer occurs when HNO 3 , PAN, and other organic nitrates make large contributions to NO y .
Estimation of NO 2 Using Photochemical Steady-State Calculation
[31] Here we explore an alternative approach to estimate ground-level NO 2 by a photochemical steady-state calculation. The approach exploits the fact that oxidation of NO to NO 2 and photodissociation of NO 2 to NO by solar UV radiation tends to establish the photochemical steady state within a few minutes:
where J NO2 is the photolysis rate of NO 2 and k 1 , k 2 , and k 3 are the reaction rate constants. Accurate simultaneous measurements of NO, O 3 , HO 2 , RO 2 , and J NO2 are needed to estimate NO 2 concentrations. A major obstacle to the approach of estimating NO 2 by PSS is that the NO x monitoring sites lack measurements of J NO2 and peroxy radicals.
[32] We first assess the feasibility of estimating NO 2 concentrations by PSS at Taenikon. We consider O 3 and Figure 4 . Seasonally averaged correction factors for interference in ground-level NO 2 measurements using molybdenum converters as estimated from a GEOS-Chem simulation (see equation (1)) for the year 2005.
NO concentrations measured simultaneously with NO 2 on clear sky conditions at the OMI overpass time. Photolysis rates of NO 2 are calculated for the same time interval under clear sky conditions using the Fast-J scheme [Wild et al., 2000; Barnard et al., 2004] . The reactions with HO 2 and RO 2 are neglected initially due to the lack of observations but are expected to alter the ratio of NO 2 to NO by <10%.
[33] Figure 3 and Table 1 contain the PSS-NO 2 . We exclude those observations that correspond to unrealistically high PSS-NO 2 values exceeding the molybdenum converter measurements. This removes 15% of the data in winter/ spring and 6.9% in summer/fall. The estimated NO 2 concentrations are well correlated with the photolytic converter measurements (R 2 = 0.86, N = 382) and exhibit similar seasonal variation. However, the PSS-NO 2 underestimates the photolytic converter measurements by 11% in winter/ spring and 6.3% in summer/fall. Including simulated HO 2 concentrations in the PSS calculations improves the agreement by 4.9% in winter/spring, but overestimates by 6.6% the photolytic converter measurements in summer/fall. Possible explanations for the remaining discrepancy include: (1) neglect of RO 2 for the PSS-NO 2 calculations (2) errors in calculated J NO2 (3) local sources and sinks near a measurement site that result in nonsteady state conditions [Mannschreck et al., 2004] , (4) [Mannschreck et al., 2004] , and (6) measurement errors in NO and O 3 . It appears that the errors in the corrected molybdenum converter measurements are lower than those in the PSS calculation.
Determination of Ground-Level NO 2 Concentrations From OMI
[34] We go on to infer ground-level NO 2 concentrations from OMI for comparison with the in situ measurements. Simulated annual mean NO 2 columns over North America exhibits significant spatial correlation (R 2 = 0.96, N = 652) with simulated surface NO 2 concentrations. Aircraft measurements reveal that NO 2 within the boundary layer typically makes a dominant contribution to tropospheric NO 2 columns over land [Martin et al., 2004a Bucsela et al., 2008; Boersma et al., 2008b] , but that relationship varies in space and time. We use the GEOS-Chem local NO 2 profile to capture that variation and estimate groundlevel NO 2 concentrations from OMI:
[35] Here S represents the surface level mixing ratio and W represents the tropospheric NO 2 column. Subscript ''O'' denotes OMI and ''G'' denotes GEOS-Chem. The OMIderived surface NO 2 represents the mixing ratio at the lowest vertical layer (100 m) of the model.
[36] The relative vertical profile of NO 2 calculated with the GEOS-Chem model is generally consistent with in situ aircraft measurements [Martin et al., 2004a Hudman et al., 2007] . Spatial variation in the OMI observations within the 2°Â 2.5°resolution of the GEOS-Chem simulation reflects spatial variation of NO 2 concentrations in the boundary layer.
[37] We develop a scheme to combine both information sources to infer NO 2 vertical profiles at the OMI resolution. Let n represents the ratio of the local OMI NO 2 column to the mean OMI field over a GEOS-Chem grid W O . The simulated free tropospheric NO 2 column W F G is taken as horizontally invariant over a GEOS-Chem grid, reflecting the longer NO x lifetime in the free troposphere. The groundlevel NO 2 concentrations (S 0 O ) is thus given by
equation (4) collapses to equation (3) when v equals unity. NO 2 concentrations calculated with equation (4) differ from those calculated with equation (3) by up to ±12% in urban areas and ±35% in rural areas. Local sources are better resolved.
[38] Figure 5 (first row) shows the OMI-derived surface NO 2 concentrations calculated with equation (4). A clear seasonal variation is observed with larger values during winter that reflects shallow mixing depths and the longer NO x lifetime [Munger et al., 1998 ]. Enhanced concentrations of up to 10 ppbv are evident in urban areas, in contrast with concentrations of less than 0.1 ppbv in rural areas.
[39] We use the in situ measurements to examine how the afternoon observations relate to 24-hour concentrations. Figure 6 shows the annual mean diurnal variation in the measurements from the EPA/AQS networks. Higher concentrations occur at night when photolysis ceases and the mixed layer shrinks, and in early morning at suburban and urban sites when traffic increases. Annual 24-hr average concentrations are 36% higher than at the OMI overpass time. The diurnal variation could be even larger considering diurnal variation in the NO 2 interference. The diurnal variation is weakest in winter reflecting the longer NO x lifetime.
Comparison of In Situ and OMI-Derived Surface NO 2 Concentrations
[40] We compare the OMI-derived surface NO 2 with the ground-based measurements throughout the United States and Canada. Stations must be within 200 m altitude of OMI grid and consist of at least 30 coincident measurements with OMI over the year 2005. The maximum allowed collocation radius (distance between center of OMI grid and station) is 10 km. The nearest OMI grid is selected for a given day. These criteria retain 296 stations, which include 266 from the United States and 30 from Canada in both polluted and remote regions. We average the hourly in situ measurements over a 2-hour period (12:00 to 14:00 local time) to correspond with the OMI measurements over North America.
[41] Figure 5 (second row) shows the OMI observations at in situ sites; most sites are in polluted regions. Figure 5 (third and fifth rows) display, respectively, the corrected and uncorrected seasonal average ground-level NO 2 mixing ratios. The uncorrected NO 2 mixing ratios are up to a factor of three higher than the corrected measurements in summer. Both OMI and the corrected in situ measurements exhibit a broadly similar seasonal variation (r = 0.76, N = 1191). This relationship is even more consistent than found by Liu et al. [2004] and van Donkelaar et al. [2006] between satellitederived and in situ PM 2.5 measurements. However, the OMI-derived surface NO 2 mixing ratios generally are lower than the corrected in situ measurements, especially in winter, as examined further below. Larger differences between the corrected in situ and OMI-derived surface NO 2 concentrations in western North America likely reflect a combination of enhanced spatial variation in mountainous regions and preferential placement of monitors in polluted locations. OMI-derived surface NO 2 represents mean concentrations over several hundred square kilometers.
[42] We also compare the OMI-derived surface NO 2 with the PSS-NO 2 for selected sites in North America. The photolysis rates of NO 2 (J NO2 ) were calculated for clear sky conditions using the Fast-J scheme. The temperature data required to estimate the reaction rates (k 1 ) were obtained from the NASA GMAO. Reactions with HO 2 and RO 2 were neglected due to absence of measurements. This comparison is limited only to those sites which monitor all three trace species (NO, NO 2 and O 3 ). Not all NO 2 monitoring sites monitor ground-level ozone. The ozone data are available only for 5 or 6 months (high ozone season) of the year in many states in the United States. Many stations were excluded from this comparison if the PSS-NO 2 resulted in unrealistically high values (>molyb-denum converter measurements) for numerous days (>30% of the observations for a given station).
[43] Figure 5 (fourth row) shows the seasonal average of PSS-NO 2 . Values range from 2 -14 ppbv with a tendency of being lower in summer and higher in winter. The paucity of sites, especially in winter, reflects the lack of ozone measurements.
[44] Figure 7 shows the correlation coefficients between the in situ and OMI-derived surface NO 2 . reported a similar correlation of 0.78 between the GOME tropospheric NO 2 column and surface NO 2 mixing ratios measured in northern Italy. The correlation tends to be stronger in polluted areas where boundary layer NO 2 comprises a large fraction of tropospheric NO 2 column. However, no significant regional difference (eastern versus western United States) in the correlation coefficient is evident as reported by van Donkelaar et al. [2006] in the ground-level PM 2.5 derived from satellite instruments. Figure 7 (right) shows a similar correlation with the PSS-NO 2 estimates at the few available sites.
[45] Figure 8 shows ground-level NO 2 concentrations derived from the OMI tropospheric NO 2 columns and those measured by chemiluminescence analyzers at five stations with different levels of NO 2 for the year 2005. The correction of the in situ measurements results in significantly better agreement with OMI-derived surface NO 2 . The OMI-derived surface NO 2 concentrations capture small-scale features of the in situ measurements. The occasional large discrepancies may reflect local and transient processes.
[46] Figure 8 also shows the PSS-NO 2 for the selected five stations. Based on the comparison with photolytic converter measurements at Taenikon the PSS-NO 2 is expected to underestimate true NO 2 , especially in winter/ spring. Occasional large values exceeding the molybdenum converter measurements are evident. The NO 2 concentrations estimated from this approach are generally consistent with the corrected in situ measurements and the OMIderived surface NO 2 for North American sites.
[47] The AQS/NAPS NO 2 monitoring sites are classified as urban, suburban, and rural. We determine the ratio of the OMI-derived surface NO 2 and the corrected in situ measurements for each land use type. These classifications do not provide information on local sources, population density, or other characteristics that might affect monitored concentrations. We exclude all stations in which more than 30% of PSS-NO 2 data exceeded the uncorrected molybdenum converter measurements.
[48] Figure 9 shows the seasonal average ratio of the OMI-derived surface NO 2 and the corrected in situ measurements for the remaining sites in eastern North America. Too few sites (< = 5) remain for meaningful interpretation in western North America. The annual mean bias (defined by OMIÀchemiluminescence chemiluminescence ) is À9% at rural sites, À23% at suburban sites, and À29% at urban sites. Comparison of the OMI-derived surface NO 2 with the PSS-NO 2 yields similar quantity. The bias reported here is consistent with the underestimate in OMI tropospheric NO 2 columns by 15 -30% versus independent column measurements as inferred by Celarier et al. [2008] , Bucsela et al. [2008] , and Wenig et al. [2008] . The preferential placement of surface measurement sites near sources [Demerjian, 2000] also may contribute to the bias.
[49] However, the ratio of the OMI-derived surface NO 2 and the corrected in situ measurements exhibits a consistent seasonal variation for all land use types with higher values in summer months. The seasonal variation is more pronounced for rural sites where the mean bias is 11% for summer/fall and À27% for winter/spring. For suburban and urban sites, the mean differences are À18% and À17%, respectively for summer/fall and À27% and À36%, respectively for winter/spring. Comparison of the OMI-derived surface NO 2 with the PSS-NO 2 yields similar results. In general, the mean bias of the OMI-derived surface NO 2 with the PSS-NO 2 is smaller for winter/spring when the PSS-NO 2 underpredicts ground level NO 2 concentrations.
[50] Possible explanations for the seasonal discrepancy between the in situ measurements and OMI include errors in the in situ NO 2 concentrations, in the GEOS-Chem NO 2 profile, and in the OMI retrieval. The similar discrepancy of OMI-derived surface NO 2 versus both the corrected molybdenum converter measurements and the PSS-NO 2 suggests errors in the in situ based estimates are an insufficient explanation. The seasonal bias cannot be eliminated by assuming different values for HNO 3 interference. The bias is largest in winter when the correction factor is smallest, and we have the most confidence in the in situ measurements due to the high NO 2 /NO z ratio. Seasonal errors in the GEOS-Chem NO 2 profile cannot be ruled out, but are [Hirsch and Gilroy, 1984] . unlikely to fully explain the discrepancy given previous comparisons with aircraft measurements [Martin et al., 2004a Hudman et al., 2007; Singh et al., 2007; Celarier et al., 2008; Bucsela et al., 2008] . The OMI-in situ bias in eastern North America is comparable in magnitude and sign to the bias between OMI and GEOS-Chem NO 2 columns (Figure 1) . A likely contributor to the seasonal bias is the use of annual mean NO 2 profiles in the OMI air mass factor calculation. Seasonal variation in mixed-layer depths would yield an underestimate in retrieved NO 2 columns in winter versus in summer. The larger seasonal bias at rural sites suggests a contribution from the removal of stratospheric NO 2 which has a larger relative effect where tropospheric NO 2 columns are lower. Seasonal variation in surface reflectivity could also play a role.
Conclusion
[51] We inferred ground-level concentrations of nitrogen dioxide (NO 2 ) for 2005 from Ozone Monitoring Instrument (OMI) tropospheric NO 2 column measurements by applying coincident NO 2 profiles from a global chemical transport model (GEOS-Chem). Spatial variation in OMI observations was exploited to estimate the local NO 2 profile. The OMI-derived surface NO 2 was compared to the in situ measurements throughout the United States and Canada from the Air Quality System (AQS) and National Air Pollution Surveillance (NAPS) networks.
[52] Seasonal mean OMI-derived surface NO 2 concentrations vary by more than 2 orders of magnitude (<0.1 ->10 ppbv) over North America. Larger values in winter reflect the longer NO x lifetime and more shallow mixing depths than in summer. The diurnal variation in situ measurements indicates that annual mean 24-hour average concentrations are 36% higher than those at the OMI overpass time of $13:00 over North America.
[53] We developed a validation data set from groundbased measurements. Surface NO 2 concentrations were estimated by photochemical steady-state (PSS) calculations from observed NO, O 3 , and calculated photolysis frequencies for clear-sky conditions. In-situ NO 2 measurements from commercial chemiluminescence analyzers equipped with a molybdenum converter are known to have significant interferences from reactive oxidized nitrogen species (NO z ). We examined the interference using simultaneous measurements of NO z species and NO 2 from both a chemiluminescent NO 2 analyzer and a DOAS instrument during the Mexico City Metropolitan Area (MCMA) field campaign, as well as measurements from chemiluminescent molybdenum and photolytic converters at Taenikon, Switzerland. The interference most strongly depends on ambient concentrations of HNO 3 , PAN, and alkyl nitrates, but varies with season and location. We developed an algorithm to correct the interference with additional guidance from laboratory studies on the conversion efficiency of molybdenum converters for these interfering species. We estimated the magnitude of the interference using coincident simulated values of HNO 3 , PAN, and alkyl nitrates from GEOS-Chem, and applied the correction factors to the in situ measurements throughout the United States and Canada. Evaluation of both the PSS-NO 2 and the corrected in situ measurements with the photolytic converter measurements suggests higher errors in the PSS-NO 2 estimate.
[54] We use the ground-based NO 2 concentrations to validate our surface NO 2 estimate and indirectly validate the OMI NO 2 retrieval. The OMI-derived surface NO 2 and the in situ measurements exhibit a significant temporal correlation (r = 0.3 -0.8) for most stations, with higher correlation coefficients in polluted areas where boundary layer NO 2 makes a larger contribution to the tropospheric column. The temporal and spatial correlation between satellite-derived and in situ concentrations for NO 2 generally is even higher than previously found for PM 2.5 over North America. The mean difference between OMI-derived surface NO 2 and corrected in situ measurements in summer/ fall is 11% for rural, À18% for suburban, and À17% for urban sites of eastern North America. A somewhat larger difference (À27% for rural, À27% for suburban, and À36% for urban sites) is observed in winter/fall when we have the most confidence in the corrected in situ measurements. The PSS-NO 2 exhibits a similar bias with the OMI-derived surface NO 2 . These results are in line with the conclusions from validation of OMI tropospheric NO 2 columns that OMI underestimates tropospheric columns by 14 -30% Wenig et al., 2008; Bucsela et al., 2008] and furthermore suggest a seasonal variation in the bias.
[55] These comparisons illustrate the promise of our approach to derive ground-level concentration of NO 2 from satellite observations. A more rigorous evaluation of satellite derived surface NO 2 requires ground-based NO 2 -specific measurements in a range of pollution levels over an extended period of time. Coordinated vertical profiles of NO 2 from aircraft would test the relationship between the column and surface measurements. A NO 2 simulation at higher spatial resolution may better capture sharp horizontal gradients in the NO 2 profile. This measurement capability would be extended with future satellite missions at urbanscale resolution from both geostationary and global orbits. Satellite remote sensing could become the most effective method to monitor surface NO 2 in the United States considering the ongoing reductions in the number of ground-based NO 2 monitors.
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